, where M = Mn, Fe, Co, Ni, Cu, Mg, Ca, and Ba) shows distinct conformer patterns. These conformers appear to arise from individual metals binding at different sites on the glycan. Fragmentation studies suggest that these different binding sites influence the CID fragmentation patterns. This paper describes a series of separation, activation, and fragmentation studies that assess which fragments arise from each of the different gas-phase conformer states. Comparison of the glycan distributions formed under gentle ionization conditions with those obtained after activation of the gas-phase ions suggests that these conformer binding states also appear to exist in solution.
Introduction

C
arbohydrates play many key roles in biological processes of living organisms [1] [2] [3] . One such role involves the sequester and transport of metal ions [4, 5] . Carbohydrates and associated derivatives are able to coordinate metal ions, resulting in metal-carbohydrate complexes that have improved solubility, reduced toxicity, and greater biocompatibility compared with metal complexes lacking carbohydrates [6, 7] . Although substantial progress in understanding carbohydrate structures and functions has been made, many systems remain incompletely characterized, highlighting the need for improved analytical approaches.
Mass spectrometry (MS), together with soft ionization techniques such as electrospray ionization (ESI) [8] , is positioned to revolutionize the analysis of carbohydrate structures [9, 10] . In most analyses, carbohydrates are either protonated or sodiated, and there is an emerging literature detailing how the choice of charge carrier affects ionization efficiencies, fragmentation processes, and carbohydrate structures [11] [12] [13] [14] [15] . Several papers have compared ionization efficiencies of underivatized glycans in the presence of various metals and demonstrated that individual metals could induce distinct fragmentation patterns during collision-induced dissociation (CID) and electron activated dissociation [16] [17] [18] [19] [20] . However, much less is known about the structures of carbohydrate complexes associated with different charge carriers, such as transition metals.
Another promising technique for carbohydrate analysis is ion mobility spectrometry (IMS) [21] [22] [23] [24] [25] . Many groups have investigated the structures of carbohydrates by combined IMS-MS methods [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . IMS separates ions based on their shapes, and in combination with theoretical calculations, IMS measurements have emerged as a means of inferring information about ion structures. In particular, carbohydrates ionized with alkaline metals have shown isomer-specific and metal-specific collision cross-sections [36, 37] . Our group has used IMS to characterize mixtures of isomeric saccharides, revealing that individual isomers may exist as multiple stable conformers [39] [40] [41] . To investigate further the nature of these conformers, multidimensional IMS (IMS-IMS) [42] has been employed to examine gas-phase interconversions between structural states. These studies utilize a relatively gentle collisional activation process. That is, the activation energy for ions is adjusted so that it is sufficient to induce a sampling of a new set of conformations referred to as the gas-phase quasi-equilibrium (QE) distribution [43, 44] , yet still below the dissociation threshold. This technique is especially useful for determining which structures may be present in the solution phase versus which are more likely to be generated upon activation in the gas phase.
In the work described below, we investigate metal ions bound to the permethylated glycan Man 5 ). A similar study involving metals binding to peptides has been reported recently [45] . In the case of peptides, it appears that transition metals bind differently than the alkaline earth metal Ca 2+ , which is reflected in both the IMS distributions and the CID fragmentation patterns. Below, we describe experiments aimed at further understanding the relationship between IMS conformations and CID fragmentation patterns for metallated glycan species.
We choose the glycan Man 5 GlcNAc 2 for these experiments because it is a well-studied glycan model. It has been reported to exist as a single covalent structure [46, 47] , yet our current IMS analysis shows that it can exist as multiple conformations for each metallated glycan ion. Combining IMS analysis with MS/MS, we conclude that these metaldependent features result from the metals binding the glycan at distinct sites. This differential site occupancy is responsible for the specific fragmentation events observed during CID. This approach allows us to characterize the distribution of gas-phase binding configurations, and by comparing the populations before and after activation, we are able to evaluate the populations of different metal-glycan binding states that may be present in solution.
Experimental
General IMS theory and instrument designs have been previously reported [23, [48] [49] [50] [51] [52] [53] [54] [55] . The IMS-(IMS-)MS analysis in this work is performed on a home-built instrument that has been described previously [43, 56, 57] . The details regarding different instrumentation components and modes of operations are reported elsewhere [42, 58] , and only a brief description is provided here. The instrument is comprised of an electrospray source, a 183-cm long drift tube, and a timeof-flight mass analyzer. A TriVersa NanoMate autosampler (Advion, Ithaca, NY, USA) is used to electrospray sample solutions into the source, where ions are accumulated in an hourglass funnel [59] and periodically gated into the drift tube. The drift tube is filled with~3 Torr helium buffer gas and operated with a drift field of~10 V·cm -1 . Ions are separated through collisions with the buffer gas while migrating down the drift tube. Upon exiting the drift tube, ions are extracted and orthogonally pulsed into the time-of-flight mass analyzer. The IMS-MS dataset is collected in a nested fashion [54] , which allows the drift time (t d , ms timescale) and flight time (μs timescale) to be obtained from the same scan. The drift time is converted into collision cross-section (Ω) using the following equation:
where the variables E, L, T, and P correspond to the electric field, length, temperature, and pressure of the drift tube, respectively. The variable m b refers to the mass of the buffer gas, m I is the mass of the analyte ion, and ze is the charge of the analyte ion. The constant k b is the Boltzmann's constant and N is the neutral number density of the buffer gas at standard temperature and pressure. The drift region contains several ion funnels and is not a strictly linear electric field. We obtain precise cross section measurements by determing the t d of ions as they traverse between the source and middle funnel of the drift tube, a region that does possess a uniform drift field. Alternatively, we can measure the t d of ions as they traverse the entire drift tube. In this case, cross-sections are calibrated to values measured using the aforementioned method in order to account for the nonlinear drift field inside the ion funnels.
IMS-MS Instrumentation and Measurements
Two operational modes of the instrument were utilized in this work. The source distributions of the glycan ions were obtained in IMS-MS mode, where the drift tube was operated as a uniform drift region. This home-built instrument is designed to have a gentle ionization source, which minimizes ion activation during ESI. Gas-phase ions produced during ESI have been shown to retain their distribution of solution structures [57, [60] [61] [62] [63] [64] [65] [66] [67] [68] , and we find empirical evidence that the distribution generated at the source can preserve some characteristics of solution equilibria [57, 68] . The QE distributions were measured using IMS-IMS-MS mode, where we operated the drift tube as two independent drift regions separated by an ion funnel. In this mode, the glycan conformations corresponding to each feature in the source distribution were mobility-selected after the first drift region and collisionally activated before subsequent separation in the second drift region. The activation voltages for reaching QE distributions for different metal-glycan ions varied from 130 to 190 V.
MS/MS Measurements
The CID experiments were performed separately on an LTQ Velos instrument (Thermo Scientific, San Jose, CA, USA), which is part of a home-built hybrid instrument that has been previously described [40, 69, 70] . This instrument contains a source region that is essentially identical to the one used in the IMS-MS measurements. This ensures sampling of nearly identical ion populations during ESI on these two instruments. The isolated precursors were fragmented in the linear ion trap under a resonant rf excitation waveform applied for 10 ms with 38% normalized collision energy and an activation q of 0.25.
Materials
Ribonuclease B from bovine pancreas, peptide:N-glycosidase F (PNGase F), chloroform, NaOH beads (97% purity), iodomethane, 2-mercaptoethonal, acetonitrile (ACN), and all metal acetates were purchased from Sigma-Aldrich (St. Louis, MO, USA). C18 micro-spin columns and empty micro-spin columns were from Harvard Apparatus (Holliston, MA, USA). Water (HPLC grade) was obtained from EMD Chemicals (Darmstadt, Germany). Dimethylformamide (DMF), trifluoroacetic acid (TFA), and formic acid were obtained from Mallinckrodt Baker (Phillipsburg, NJ, USA).
Sample Preparation
A detailed procedure of glycan purification and permethylation has been published elsewhere [71] . Briefly, 100 μL of ribonuclease B solution (1 mg•mL -1 in 10 mM sodium phosphate buffer and 0.1% 2-mercaptoethonal at pH 7.5) was denatured at 95°C for 5 min. After the solution was cooled to room temperature, 0.5 μL of PNGase F (500 mu•mL -1 ) was added followed by overnight incubation at 37°C. The digest was then diluted with 100 μL of aqueous solution containing 5% ACN and 0.1% TFA before being purified using a C18 micro-spin column. After preconditioning the column with 400 μL of 85% ACN and 0.1% TFA, the digest was loaded three times onto the micro-spin column. The collected solution was dried using a vacuum centrifugal concentrator (Labconco Corp., Kansas, MO, USA) for subsequent permethylation. The permethylation was performed using the spin-column method described elsewhere [71] . An empty column was packed with NaOH beads (suspended in ACN) up to 1 cm from the top of the column and then preconditioned with DMF. The dried glycan mixture was reconstituted with 45 μL of iodomethane, 60 μL of DMF, and 2.4 μL of water and mixed briefly. The reaction mixture was loaded onto the column and incubated for 15 min before centrifugation. After the second addition of 45 μL of iodomethane, the mixture was reloaded onto the column and incubated for another 15 min. The column was then washed with two applications of 50 μL of ACN. The permethylated glycans were extracted with 400 μL of chloroform and dried under vacuum. The dried glycans were dissolved in the electrospray solution comprised of 49.9:49.9:0.2 (v:v:v) water:ACN:formic acid and 10 mM metal acetate.
Data Analysis
The intensities of the three major CID fragments and the peak areas of the three major IMS conformers (see below for details) were determined for comparison. For these calculations, all fragments above 1% relative intensity in the CID spectrum were measured and normalized to the total fragment ion intensity. The normalized intensity of each major fragment was the summed intensity of the singly-and doubly charged ions as well as the corresponding water loss peak if observed. The peak area of each major conformation in the QE distribution was obtained by integrating the signal of the peak associated with the corresponding cross section range and normalizing by the total area. To quantitatively compare metal-binding behaviors, Pearson correlation coefficient (PCC) was calculated for each pair of metal-adducted glycans. The PCC for CID fragmentation patterns was calculated based on all major and minor fragments above 1% relative intensity, and for QE distributions, the value was calculated based on the cross section distribution from 300 to 360 Å 2 (see below for details). A perfect positive linear correlation between the two variables would give a PCC value of 1.0, while a value of -1.0 would indicate these values are completely anti-correlated. A value of 0 would indicate that the two variables are uncorrelated.
Results and Discussion
Source Distributions of the [Man 5 GlcNAc 2 + M]
2+ Ions
The black traces in Fig. 1 show the cross section distributions of metal-adducted Man 5 GlcNAc 2 ions generated at the ESI source region, which we refer as the "source distributions." Our lab has previously demonstrated that the distribution of structural conformations obtained under mild ionization conditions often preserves the population of solution phase structures [52, 57, 68] is similar to that of the Mn 2+ adducted glycan ions; however, an additional shoulder to the left of the 341 Å 2 peak is observed (Fig. 1) . The Cu 2+ adducted glycan ions display a distribution that is distinct from the rest of the transition metal adducts. No peak is observed around 318 Å 2 ( Fig. 1) . Instead, the ions display a broad distribution from 327 to 347 Å 2 with three partially resolved conformations at 335, 341, and 345 Å (Fig. 1 ). Similar observations for alkaline metal-adducted saccharides have also been reported [36, 37] . These observations seem to suggest that the overall size of a metallated carbohydrate depends not only on the ionic radius of the metal ion but also the preferred coordination of the metal combined with the structural flexibility of specific carbohydrate moieties [18] . In our case, the smaller cross-section suggests that Ba 2+ may adopt a higher coordination number than Ca 2+ , resulting in tighter overall binding with the glycan.
CID of the [Man 5 GlcNAc 2 + M]
2+ Ions Figure 2 shows the CID spectra for each of the [Man 5 GlcNAc 2 + M] 2+ ions. The fragments were assigned with the assistance of online software GlycoWorkBench [72] and labeled according to the Domon and Costello nomenclature [73] . The observed fragments result predominantly from glycosidic cleavages and appear either singly-or doubly charged. In the singly charged cases, these occur because of loss of a proton with retention of the metal ion. Regardless of which metal ion is adducted, fragmentation mainly occurs at three sites: the GlcNAc1-4GlcNAc bond at the reducing terminus that yields the B 4 fragment; the Man1-6Man bond at the branching site that gives the Y 3α fragment; and one of the three Man-Man bonds at the nonreducing terminus. Such a cleavage at the non-reducing terminus can result in three types of fragments: Y 3β , Y 4α' , and Y 4α'' (Scheme 1). These three fragments have the same mass and are thus indistinguishable from each other in MS. For succinctness, "Y 3,4 " is used here to represent these three types of fragments in the following discussions. Detection of specific fragments that retain the metal ion allows one to deduce the possible metal-binding sites on the adducted parent glycan. This is similar to how fragmentation spectra of peptides have been used to localize adducts on parent structures [45, 74, 75] . A number of minor fragments are also produced during CID (e.g., the Y 1 fragment in the spectrum of the Ni 2+ adducted glycan ion); however, the intensities of these fragments are below 3% of the total fragment intensity.
The singly charged (metal-adducted) Y 3α fragment is the base peak in the CID spectra of the Mn (Fig. 2) , indicating that these metal ions are predominantly localized at the branching mannose site. The Y 3,4 ions (singly-and doubly charged), are the second most abundant fragment ions for these metallated species, whereas B 4 ions are the third most abundant. Some fragment ions apparently result from the loss of two terminal residues, e.g., the B 4 /Y 3,4 ions. Similar types of fragments have previously been observed in CID spectra [14, 76] . It is likely that these fragments are produced in a cooperative fashion [77, 78] (Fig. 2) . In contrast to the previous cases where a metallated fragment ion is the most abundant species, in the case of Ni 2+ , the protonated B 4 ion is the base peak, despite the fact that the precursor ion is not protonated. Similar examples of protonated fragment ions have been observed during CID of metallated peptides [79, 80] and carbohydrates [17, 19] . The exact mechanism for the formation of these protonated species has not been established. However, it is proposed that during fragmentation, the B 4 fragment abstracts a proton from the resulting Y 1 ion. For the Ni 2+ adducted glycan, all three fragments (Y 3,4 , B 4 , and Y 3α ) are present as intense peaks in the CID spectrum, which indicates that Ni 2+ binds to multiple sites on the glycan structure.
The CID spectra of Ca 2+ and Ba 2+ adducted glycan ions are very similar (Fig. 2) . In both cases, the doubly charged B 4 ion is the most abundant peak, suggesting that a high percentage of Ca 2+ and Ba 2+ ions are located at the reducing terminus of the glycan structure. The singly charged fragments are much less abundant relative to those for the transition metal adducts, an effect that is even more pronounced in the case of Ba 2+ . Comparisons of the fragmentation spectra show that Mg 2+ behaves more like the transition metals than the alkaline earth metals of Ca 2+ and Ba
2+
, a similarity that has also been noted for the source distributions of the metallated glycans (Fig. 1) .
Because the location of metal ion binding may direct glycan fragmentation, determining the similarity between fragment ion abundances across the series of metal ions would allow us to determine which sets of metal ions bind to the glycan in a similar fashion. For each pair of metal ions, we calculated the Pearson correlation coefficient (PCC) using the relative abundances from the major and minor fragment ions (Supplementary Table S1 , indicating that these two alkaline earth metals bind to the glycan with similar distributions.
Quasi-Equilibrium Distributions of the [Man 5 GlcNAc 2 + M] 2+ Ions
Although we observe clear correlations between the fragmentation patterns of sets of metal ions, the similarities are not as striking when we examine their respective source distributions. We hypothesize that the source distributions of the metaladducted glycan ions do not represent the actual populations of conformations from which CID fragments are produced. In the initial phase of CID, the glycans are collisionally activated, which is similar to (albeit stronger than) the activation used to reach the QE distribution. We therefore examined the QE distributions of the metallated glycan ions (Fig. 1, red traces) . The QE distribution is obtained by mobility-selecting a conformer formed in the source distribution and activating it in a high electric field region. Regardless of which source conformation is selected for a given glycan ion, a nearly identical QE distribution is obtained upon collisional activation (an example is shown in Supplementary Figure S1 ). Activation in this fashion allows ions to overcome energy barriers between different conformational states, enabling the system to repopulate as a function of the relative energy levels of different gas-phase conformations. Thus, an additional merit of this technique is the ability to distinguish whether a set of peaks in the IMS distribution because this would involve bond breakage and reformation, which is unlikely to occur under gentle activation conditions. Our observation that the set of peaks in the IMS distribution for a given metal-glycan ion could reach the same QE distribution supports the view that the Man 5 GlcNAc 2 glycan has only a single covalent structure.
The QE distributions of the metal-adducted glycan ions exhibit three main conformations labeled as I, II, and III (Fig. 1) (Fig. 1) . Conformer I is at very low abundance in the case of either metal. Conformation III is the primary conformation for Cu 2+ adducted glycans. Conformer II shows up as a minor conformation partially separated from conformer III, displaying a left shoulder from the main peak. Essentially no conformer I is observed for the Cu 2+ adducted glycan. The QE distribution of the Ni 2+ adducted glycan ion is very broad, and the three conformations are partially separated (Fig. 1) . The distribution differs from the other transition metals in that conformers I, II, and III are present in approximately equal amount.
The glycans adducted with alkaline earth metals Ca 2+ and Ba 2+ show QE distributions that are markedly different from the rest of the metals. In the case of [Man 5 GlcNAc 2 + Ca] 2+ , conformer I is the most abundant (Fig. 1) . Conformer III shows up as a minor feature that is much less intense, whereas conformer II is almost nonexistent. The Ba 2+ adducted glycan ion exhibits a very broad distribution, and for this metal, conformers I and II overlap with each other (Fig. 1) . In contrast, conformer III is much less abundant. It is interesting to observe that although Ca 2+ and Ba 2+ have much larger ionic radii than the rest of the metals, the stable gas-phase conformers favor smaller cross sections, an observation also noted for the source distributions.
Similar to the situation during MS/MS fragmentation, the QE distribution also appears to be influenced by the distribution of metal-binding locations on the glycan. Therefore, if sets of metal ions show similar QE distributions, this would indicate that these metal ions bind to the glycan at a similar distribution of sites. For each pair of metal ions, we calculated the PCC of their QE distributions (Supplementary Table S2 , with a PCC range from 0.74 to 0.91; however, these metals are poorly correlated with Ba 2+ (with a range from -0.14 to 0.25). The QE distribution most similar to Ba 2+ is that of Ca
2+
, with a value of 0.53. The correlation analysis of both the MS/MS and QE data allows two independent approaches to group metal ions based on similar glycan binding characteristics. If the hypothesis that the QE conformations represent the intermediates along the MS/MS pathway is correct, the PCC calculations from both approaches should agree with each other. To quantitatively compare the results of both analyses, we plotted the PCC values from the MS/MS analysis as a function of the PCC values from the QE analysis, with the results shown in Fig. 3 . There appears to be a linear relationship between these two " is used to refer to any of these three types of fragments datasets (R 2 = 0.69), suggesting that for metal-glycans that are structurally alike (i.e., having similar QE distributions, they also have the tendency to produce similar fragmentation patterns. This observation indicates that MS/MS fragmentation patterns result from a distribution of gas-phase conformations that are similar, if not identical to the QE distributions.
Correlating the IMS Features with the Binding Positions of the Metal Ions
The above analysis demonstrates a correlation between the QE distribution and the fragmentation pattern for a given glycan ion. In order to uncover the nature of such a relationship, the intensities of the three major fragments and QE peak areas of the three conformers are plotted in Fig. 4 . Figure 4 reveals that the abundances of conformers I, II, and III from the QE distributions correlate strongly with the intensities of fragment ion B 4 , Y 3α , and Y 3,4 , respectively. For example, the Mn 2+ adducted glycan produces the B 4 , Y 3α , and Y 3,4 fragment ions at a 0.2:1:0.3 ratio. This is essentially identical to the ratio that is observed for conformers I, II, and III (Fig. 4) . Conformer II is the most abundant peak in the QE distribution, and fragment ion Y 3α is most intense in the MS/ MS spectrum. Conformer III is the second most abundant, and fragment ion Y 3,4 is the second most intense in the MS/MS spectrum. Similar correlations between the QE distributions and the fragmentation patterns are observed for nearly all metals ions (Fig. 4) . The same data from the bar graphs are also presented in the scatter plot (Supplementary Figure S2) , which shows nearly linear dependences for the three pairs of CID fragments and QE conformers.
The largest outlier from this trend is the Ba 2+ adducted glycan ion, for which conformer II shows a higher abundance than conformer III. This does not correlate well with the observed fragment intensities. We propose that this discrepancy may result from the fact that Ba 2+ has a much larger ionic radius than the rest of the metals. The QE distribution of [Man 5 GlcNAc 2 + Ba] 2+ ( Fig. 1) shows that conformer I has a very extended distribution, which is almost inseparable from that of conformer II. Our analysis has used the same fixed range of cross sections for each glycan ion to define a given conformation. However, Ba 2+ has a significantly larger ionic radius than the other metals (Table 1) , which may have resulted in an underestimation of conformer I and a corresponding overestimation of conformer II. The actual conformer abundances may be more consistent with those determined from the fragmentation spectrum. Along those lines, while we observe three main features in the QE distributions, the total number of unique conformers can be greater. Minor QE conformations may be present that overlap with these three conformations, and these minor conformations may be the source of the minor fragments in the CID spectra. However, if additional QE conformations exist, they are likely to be at relatively low abundances because ) of the total fragment ion intensity. Based on the correlation between QE distributions and fragment patterns, we propose that during the initial stages of CID fragmentation, collisions with buffer gas result in a redistribution of glycan conformations similar to that observed during the activation in the IMS-IMS-MS mode to yield the QE distribution. This phenomenon has been observed for metallated peptides previously in our laboratory [45] . During activation, the short (3 mm) activation region contains a high electric field (up to 700 V/cm for this study). Ions are accelerated and, upon collisions with the buffer gas, the ions are imparted with sufficient energy to overcome the barriers between different conformations. This is very similar to the energy transfer process in CID [82] [83] [84] However, in contrast to CID, collisional activation under the QE condition does not result in significant ion fragmentation. From the underlying QE distribution, the relative fragment ion intensities can be predicted. The population in the QE distribution is a function of the conformational energy landscape in the gas phase and provides insight into the binding preferences of metals on the glycan.
As has been described above, the B 4 , Y 3α , and Y 3,4 fragment ions are associated with the metals binding at the reducing terminus, the branching mannose, and the non-reducing terminus of the glycan structure, respectively. Therefore, these three positions on the glycan represent the most favored metalbinding sites. Based on the QE distributions (Fig. 1) , and Cu 2+ bind almost exclusively to the branching mannose and the non-reducing terminus. The alkaline earth metals Ca 2+ and Ba 2+ are primarily located at the reducing terminus. We envision that these specific binding preferences could be potentially used to control fragmentation patterns of isomeric glycans with the goal of maximizing detection of diagnostic ions that can discriminate between structural isomers. Figure 1 demonstrates that the source and QE distributions share many aspects in common. They show the same crosssection range for each glycan ion, and the features from both distributions differ only in their relative abundances. For instance, the features that have the cross section ranges of conformers I and III from the source distribution of [Man 5 GlcNAc 2 + Mn] 2+ both decrease in intensities upon activation. As a result, conformer II, which is of low abundance in the source distribution, becomes the most intense feature. In contrast, for the Ca 2+ adducted glycan, conformer II is not observed from the QE distribution, while it appears to be the second most abundant conformation in the source distribution. Overall, the activation process causes a decrease of certain features and increase of others. We suggest that the different features from the source distributions are also associated with different metal-binding positions on the glycan.
Comparison of the Source Distributions with QE Distributions
Although it is still controversial whether structural populations of a molecule change when it transitions from solution into the gas phase, several studies on proteins [57, 85, 86] and peptides [68] suggested that when ionized using gentle conditions, the gas-phase ion population is an appropriate reflection of their solution states. We therefore posit that our observed source distribution likely reflects the underlying solution phase population, whereas the QE distribution represents the population of the energy favored gas-phase conformations. To estimate the relative abundances of conformations in the source distribution of a given metal ion, we divided each overall distribution into the three conformational ranges based on those from the QE distributions (Fig. 1) . Table 1 shows the relative abundances of the metal ions at the three major binding sites for both the source and QE distributions. In the case of Ba
2+
, the values are not listed because they may not represent the actual ion populations for reasons discussed above. For the transition metals as well as Mg
, more than half of the population is located at the non-reducing terminus in the source distributions. This preference is highest for Co 2+ , in which 81% is bound to this site. These transition metals bind poorly to the reducing terminus, except for Mn , which have slightly higher probability of binding there. When Ca 2+ binds to the glycan, the most stable location is at the reducing terminus for both the QE and the source distributions.
Summary and Conclusions
We have characterized a series of metal ions complexed to the glycan Man 5 GlcNAc 2 by IMS and MS/MS analyses. IMS distributions demonstrated that the metallated ions for this glycan display a range of distinct structural conformations. Such a diversity largely results from the metal ions binding a number of different sites on the glycan. The distictive distribution of IMS conformations indicates that each metal has a preferential pattern of binding sites. MS/MS fragmentaion of each metal-glycan ion gives three predominant product ions: B 4 , Y 3α , and Y 3,4. These fragments enabled us to localize the metal ion to specific regions of the glycan structure. A correlation is found between the QE distributions and the MS/MS fragmentation patterns of the glycan ions. That is, the QE distributions of glycan conformations likely represent the distributions of conformers from which the fragment ions are formed. Specifically, the conformers I, II, and III in the QE distributions represent the conformations that produce the CID fragments B 4 , Y 3α , and Y 3,4 , respectively. For transition metals, the source distribution conformations are more likely to have metals bound to the non-reducing terminus, whereas the QE conformations bind to both the non-reducing terminus and the branching site except for Ni 2+ , which binds to the three sites with similar affinity. The alkaline earth metals Ca 2+ and Ba
2+
prefer binding to the reducing terminus in both distributions.
The QE distribution bridges between the source distribution and the MS/MS fragmentation pattern of the glycan ion and represents the population of conformers prior to fragmentation, whereas the source distributions are likely to be associated with metal-specific conformations in solution.
